Korea Aerospace Research Institute has performed a joint research with the Central Institute of Aviation Motors of Russia on the design, manufacturing, and testing of an annular combustor for a turbo-fan engine with the thrust of 8,000 lbf. In order to reduce smoke generation, a rather large amount of air is introduced to the primary zone. Presented in this paper is a description of the full-scale annular combustor, the test facility, the test procedure, and the test results. The measured parameters include the pressure loss and its dependence on flow velocity, the combustion efficiency by gas analysis, the exit temperature pattern factor for a wide range of air excess ratio, the lean blow-off limit, and the emission characteristics. The main test conditions are the 'ground idle' condition and the 'altitude cruise' condition. It was confirmed that the exit temperature profile is closely related to the location of dilution holes on the flame tube. Lean blowoff limit is rather narrow since the combustor was designed to provide a large amount of air to the primary zone with an aim of smoke reduction.
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INTRODUCTION
The combustor is one of the main elements whose operational performance governs the reliability and efficiency of gas turbine engine. Progress has been made in the field of combustor design and computation of the aerodynamic and chemical processes in a combustor (Krokow et al., 1979) . In addition to the theoretical work a great amount of detailed model rig testing has been performed to generate well established data of the aerodynamic and thermodynamic behavior of combustor components such as diffuser and flame tube cooling devices (Dils, 1973; Kappler et al., 1975) . All these data are very useful for the proper layout of a combustor, however the complex effects of aerodynamic and thermal load on the combustor can only be shown in full-scale, full annulus tests under actual engine conditions.
The emissions from aircraft during take-off and landing are regulated by ICAO and other regulatory agencies. In the near future, emissions during cruise will be also regulated (Wesocky and Prather, 1991; Bahr, 1992) . Thus the development of low-emission combustor has been a major concern of aero-engine combustor researchers, shows the distribution of air holes on the flame tube. The area of holes for Design and testing of an annular combustor for a turbo-fan engine the primary zone including the main holes in about 52% of the total area of with the thrust of 8,000 lbf have been performed by the Korea holes. Aerospace Research Institute jointly with the Central Institute of Aviation Motors of Russia. The design was done with an aim of low emissions including smoke reduction without significant diminution in the range of stable operation. A series of testing includes a testing for the fuel injection characteristics, a testing for the frontal device aerodynamics, a sub-scale testing of the combustor segment, a fullscale testing of the full annular combustor, and an altitude testing for the combustor segment and the full annular combustor. Results of the full-scale testing are presented in this paper, including a description of the full-scale annular combustor, the test facility, and the test procedure. The measured parameters are the pressure loss and its dependence on flow velocity, the combustion efficiency by gas analysis, the exit temperature pattern factor for a wide range of air excess ratio, the lean blow-off limit, and the emission characteristics. The main test conditions are the 'ground idle' condition and the 'altitude cruise' condition.
DESCRIPTION OF THE COMBUSTOR
A general layout of the annular combustor is given in Fig.l . The outer diameter and the length of the combustor are 658 mm and 340 mm, respectively. The flame tube consists of a frontal device and II cooling sections. In the combustor, 24 'duplex' type fuel injectors and 2 semi-conductor spit plugs are installed. Around each fuel injector, a counter rotating dual swirler is placed. In the pre-diffuser, there are 12 struts with an airfoil shape. The location of struts, spark plugs, fuel injectors, and air holes on the flame tube are shown in Fig.2 .
Fig.1 General layout of the combustor
The flame tube has two rows of air holes. In the first row, there are 48 main holes on each of the inner and the outer wall of the flame tube. The diameter of the hole is 11.4 mm (outer wall) and 10 mm (inner wall), respectively. In the second row, there are 24 dilution holes with a diameter of 15.5 mm on each of the inner and the outer walls. The main holes (1st row) of the inner and the outer wall are placed in line, but the dilution holes (2nd row) are placed in a staggered fashion. Total area of the holes in the flame tube is 357 cm 2, which is about 20 % of the flame tube's maximum cross-sectional area Figure 3 residence time in the flame tube is estimated to 7.5 ms. More detailed done by two spark plugs connected to a standard electric ignition description of the combustor is given by . device with the discharge energy of 6 1. 
TEST FACILITY AND PROCEDURE
The testing was performed at the test facility of CLAM, which is designed for combustors of small gas turbine engine. A schematic of the test facility is given in Fig.4 . Air coming from the compressor station can be heated up to a temperature of about 870K with a heat exchanger and an electric heater. The pressure downstream of the test article is controlled by a mechanically driven throttle(I I), and the air may bleed through the bleeding line(4) in order to simulate air bleeding in real engines. To purge the test chamber(I), supplementary air (12) is provided. This facility has 416 pressure channels, 192 temperature channels, and 20 channels for fuel consumption. Among the pressure channels, 96 channels can be used for transient measurements. Measurement accuracy is 0.5% for pressure, 1% for temperature, 0.5% for fuel consumption, and I% for air mass flow rate.
The inlet pressure was measured with the total pressure probe(7), and the exit pressure, temperature, and emission were measured with the probes(8) mounted on the rotating rake(14). A visual observation port(,I 0) was used not only for qualitative observation of the flame but also for determination of the ignition point and the 'flame-out' point
The exit temperature field was measured with the two temperature rakes mounted on the rotating device. Each rake has three Pt/Pt-Rd thermocouple probes, and the six thermocouples were placed in a staggered manner to cover six equally spaced points of the combustor exit. The total pressure field was measured at the same locations with the two total pressure rakes mounted on the same rotating device, It took 10-12 minutes for 360° rotation of the rotating device.
In order to measure the combustion efficiency and the emission index, the exhaust gas was sampled by four 90°-spaced sampling rakes. The sampled gas was sent via a sample line, which was electrically heated to prevent the condensation of water and heavy hydrocarbon, to the Beckman gas analyzer for the analysis.
Main test conditions are the 'ground idle' condition (12 * = 460-500 K, P2 * = 410-450 ItPa) and the 'altitude cruise' condition (T2 * = 650-700 K, P2 * = 850-900 kPa). The maximum air mass flow rate is 34 kg/s, the range of the air excess ratio (a) is 2.7-8.5, and the range of X2 is 0.26-0.28 except for the pressure loss test. The range of k2 for the pressure loss test is 0.16-0.36. The test fuel was RT (a Russian fuel) at a temperature 10 -15 °C. The ignition was
TEST RESULTS AND DISCUSSIONS

Pressure loss
The relationship between the total pressure loss (8) and X2 2 obtained at a low pressure and low temperature condition (1 32 * 200 kPa, T2 * = 293 K) is shown in Fig.5 . As expected, the total pressure loss depends linearly on k2 2. The total pressure loss is about 6.9 % when X2 is 0.27 (design point). If one takes into consideration 10% bleeding for turbine cooling from the downstream of the diffuser, the total pressure loss will be about 5.8 % at the same X2, since the ratio between the diffuser loss and the liner loss is 19:81 based on a computational analysis (Lee et aL, 1995) . 
Combustion efficiency
The combustion efficiency was measured through analysis of the exhaust gas. A useful method for checking representativeness of the sampled gas is by comparing the overall air excess ratio with that of the sampled gas. In Fig.6 , the comparison between the air excess ratio of the sampled gas(a5) and the overall air excess ratio (a) is shown at the 'ground idle' and the 'altitude cruise' conditions. Since the discrepancy is within 10%, the gas sampling procedure is believed to be sufficiently representative. The variation of the combustion efficiency (Ti) versus the air excess ratio (a) at the 'ground idle' condition (T2 * = 460-500 K, 132* = 410-450 kPa, X2 = 0.28, and U = 5) is shown in Fig.7 . Within the range of a studied, the combustion efficiency has a maximum (99.8%) when a is 2.7 and decreases monotonously as a increases. The rate of decrease is even greater when a is higher. The combustion efficiency is about 95% when a is about 7.5 and about 90% when a is about 8.5. At the 'altitude cruise' condition (T2 * = 700 K, P2 * = 900 kPa), the combustion efficiency is about 99.97% for a of 2.8-3.6. It is higher than the efficiency at the 'idle' condition due to the higher inlet pressure and temperature. Though the combustion efficiency was not measured at the 'take off' (T2 * = 670 K, P2 * = 1,380 1cPa) condition, it is believed to be higher than the above values since the loading parameter (CI) is very small at the 'take off condition (CI= 0.9). The combustion efficiency was measured to be about 99.95% at a condition close to the `take-off' condition (12 * = 655 K, P2 * =i 1,200 kPa a = 4). Exit temperature field Figure 8 shows the radial traverse of the non-dimensionalized, circumferentially averaged temperature (Oh) and the nondimensionalized, maximum temperature (O max ) at a low pressure and low temperature condition (12 * = 355 K, P2 * = 237 kPa). At this condition, both @max and Oh decrease as the air excess ratio (a) increases from 2.68 to 3.38, and so does the pattern factor (O max) and the profile factor (Oh). ()max and eh are about 1.3 and 1.1 when a = 2.68. When a= 3.38, they are about 1.23 and 1.06, respectively. The profile of Oh is close to the optimum profile for turbine operation, which is shown as a dotted line.
However, what should be noted in this figure is a region of lower Omax in the middle of the combustor exit (0.4.ch<0.7), which becomes more significant as the air excess ratio (a) increases. When a = 3.38, even Oh has a profile with central depression. It may be due to the low combustion efficiency in the central region of the combustor, caused by the low pressure and low temperature of the inlet air. This central depression disappears as the inlet pressure and the inlet temperature increase. It does not exist for the 'idle' condition ( Fig.9) nor the 'cruise' condition (Fig.10) . Figure 9 shows the radial distributions of Oh and °max at the 'idle' condition for wide range of air excess ratio. The distribution of Oh at a of 3.61 is closest to the optimum profile for turbine operation (dotted line). However, the Oh profile deviates from the optimum profile as a increases further. Though the pattern factor (0 max) and the profile factor (Oh) decrease significantly as the air excess ratio increases from 3.61 to 3.96, there is no significant reduction of ()max or eh . During the measurement for a = 3.61 the thermocouple at h 0.29 was burnt out. Thus the data at this location are missing in the subsequent figures (Fig. 10 and Fig. II ) Figure 10 shows the radial distributions of Oh and O max at the 'cruise' condition. As the inlet pressure and the inlet temperature increase from the 'idle' condition, the Oh profiles become closer to the optimum profile. This may be due to the more stable combustion with the higher efficiency. When a = 2.83, close to the operating condition, the Oh profile is almost identical to the optimum profile. Al the 'cruise' condition, the stator pattern factor (O max) has a minimum of about 1.23 when a = 3.5 and increases slightly as a increases further. The rotor profile factor (0h) has a minimum of about 1.03 when a = 4.09 and becomes higher as a increases further. The increase of the The circumferential distributions of the combustor exit temperature at five radial positions (the thermocouple at h = 0.29 was burnt out) are shown in Fig.11 . The measurement was performed at the 'cruise' condition (T2 " = 717 K, P2 " = 882 kPa) for the air excess ratio (a) of 2.83. As shown in the figure, the peak location is closely related with the location of air jets (especially dilution jets). The high peaks occur midway between the dilution jets, since the hot main stream is deflected by the cold jets. The low peaks occur at the same circumferential location as the dilution jets due to the influence of the cold jets. This correlation is most significant near the outer wall and the inner wall of the flame tube (h = 0.86 and ho 0.14), and becomes weaker in the middle. It indicates that effects of the cold dilution jet are strongest near the wall. The difference between the high peak and the low peak is about 300 K near the wall but only about 200 K in the middle.
The shape of the flame tube downstream of the dilution hole appears to affect the exit temperature profile. As shown in Fig. I , the outer wall of the flame tube is horizontal but the inner wall is inclined. Due to this asymmetry, the temperature distribution near the outer wall is slightly different from that near the inner wall. The temperature distribution at h = 0.14 is rather close to the temperature distribution at h = 0.71 than the temperature distribution at h = 0.86, indicating the better mixing between the hot main stream and the dilution jets near the inner wall than near the outer wall. It is very interesting to note the appearance of a 'saddle' point near the high peak at h = 0.14 and h = 0.71. 
Blow-off limits
The lean blow-off limit was determined at the 'idle' condition (P2 " = 450 1cPa, T2 ' = 480 K) for X2 in the range of 0.2-0.4. Figure  12 shows the results. The near blow-off indicates the initiation of partial blow-off. It is evident that the lean blow-off limit is rather narrow at high velocity (X2). It is possibly due to the large amount of air within the primary zone of the combustor. The area of holes for the primary zone (upstream of the first row of main holes) is about 28% (52% if the main holes are included) of the total area of holes on the flame tube. The rather large amount of air for the primary zone, which is to reduce smoke generation at high combustion efficiency, affects the lean blow-off limit. However, the air excess ratio at the lean blow-off limit is large enough (about 17 at X2 = 0.27) for stable operation of the engine at the 'idle' condition. It should be noted that the narrow blow-off limit may have adverse effects on the altitude relight capability. So the altitude relight capability has to be separately checked at an altitude test facility. Results of the altitude test may be found in a subsequent paper by the authors (Seol et al., 1996) .
Smoke generation
Smoke emission was measured at various operating conditions. Figure 13 shows the variation of smoke number versus air excess ratio at the 'idle' condition (P2 1" = 450 kPa, T2 " = 477 K, X2 = 0.27). The air excess ratio (a) does not have significant effects on the smoke number at the 'idle' condition. However, at the 'cruise' condition (P2 " = 900 kPa, T2 " = 710 K, X2 = 0.27), the smoke number goes up as the air excess ratio increases from about 2.7 to 4.7. It may happen because the atomization characteristics become worse as the fuel flow rate diminishes. Norster and Lefebvre (1972) also observed that the smoke emission rises as the air excess ratio increases for a combustor with a dual-orifice type injector. For both conditions the smoke number is much smaller than the ICAO regulation (about 33) for an engine with the thrust of about 30 kN (6740 lbf). This corresponds to the design philosophy. The amount of air for the primary zone was set relatively large in order to reduce smoke generation. It is well known that the smoke generation is strongly dependent on the pressure and the temperature of the combustor inlet Figure 14 shows the relationship between the smoke number and the inlet air temperature. The inlet pressure and the air excess ratio were fixed at 900 kPa and 3.6, respectively. The smoke number drops significantly as the inlet temperature increases from about 480 K to about 700 K. Figure 15 shows the relationship between the smoke number and the inlet air pressure. The inlet temperature and the air excess ratio were fixed at about 750 K and 4, respectively. The smoke number rises linearly as the inlet pressure increases from about 850 kPa to 1,700 kPa. Even for the highest pressure (1,700 kPa), which is higher than the take-off condition (P2 * = 1,382 kPa, T2 * = 670 K), the smoke number remains very low (about 10). In this case, the combustor exhaust is invisible. Emission of the combustor was quantified by exhaust gas sampling and analysis. The main species analyzed are CO, C nHm and NOx. Figure 16 and Figure 17 show the variation of EICO, EIC nHm, and EINOx versus air excess ratio at the 'idle' condition. The EICO rises linearly as the air excess ratio increases from about 2.7 to 8.4. The EICnHm rises exponentially as the air excess ratio increases from about 2.7 to 8.4. The EINOx is not sensitive to the air excess ratio for a from 2.7 to about 7. However, it drops sharply as a increases further. For the higher inlet temperature and pressure, Norster and Lefebvre (1972) observed that the NO x emissions diminishes sharply as the air excess ratio increases.
Though the emission indices for all operating conditions (i.e. idle, take-off, climb, cruise, and descent) should be known in order to determine the emission parameter for an engine, the most important operating conditions are the 'idle' condition for CO and C nHm emissions and the 'take-off' condition for NO x emissions. The emission indices were measured at a condition (P2 * =12001cPa,T2* =655 K, k2=027) close to the 'take-off' condition. EINO x at this condition is 13-16, significantly higher than EINO x at the 'idle' condition. However, EICO at the above condition is 0.5-1, and EIC nHm is less than 0.2, significantly lower than the values at the 'idle' condition. 
CONCLUSIONS
A full-scale testing of an annular combustor, designed with an aim of smoke reduction, was performed at a test facility of CLAM. The measured parameters are the pressure loss, the combustion efficiency, the exit temperature profile, the lean blow-off limit, and the emission characteristics. The main test conditions are the 'ground idle' condition and the 'altitude cruise' condition.
It was confirmed that the pressure loss is linearly proportional to the square of the inlet Mach number. The combustion efficiency was measured via gas analysis. The combustion efficiency is about 99.8 % at the 'idle' condition and higher than 99.9% at the 'cruise' condition. At the 'idle' condition, it decreases as the air excess ratio increases from 2.7 to 7.5. The exit temperature profile is close to the optimum profile for turbine operation when the air excess ratio is about 3. The exit temperature profile is closely related to the location of dilution holes on the flame tube. A minimum temperature occurs at the same circumferential location as the dilution jets, and a maximum temperature occurs midway between the dilution jets. When the inlet pressure and the inlet temperature are low, a region of lower temperature exists in the central part of combustor exit. It is possibly due to low combustion efficiency, especially in the central part of the combustor. The lean blow-off limit is rather narrow since a large amount of air is provided to the primary zone with an aim of smoke reduction. The smoke number goes up slightly as the air excess ratio increases, possibly due to the deterioration of atomization characteristics. It was confirmed that the smoke number diminishes sharply as the inlet temperature increases, but it rises linearly as the inlet pressure increases. At the 'idle' condition, the EICO rises linearly, and the EIC nHm rises exponentially as the air excess ratio increases. The EINO x is not sensitive to the air excess ratio for a from 2.7 to about 7, however it drops sharply as a increases further.
